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CRYOGENIC TENSILE PROFERTIES OF SELECTED
AEROSPACE MATERIAIS

By: W. Weleff, W. F. Emmons, and H. S. McQueen

ABSTRACT

Tensile -properties date are presented on fifteen materisls which were tested

at TSOF, -lOOoF, -520°F and -h23°F temperatures.. The test-equipment utilized.to

obtein these data and test methods are descrived.
+erials evalvated are!

Titanium Alloys: 5 Al-2.5 Sn ELI __
é Al-4V ELI

Stainless Steels and Ircn-Base Alloys: 321, 34TC, AM350, A286,
18% Ni mareging steel.

Nickel-Base Alloys: Hastelloy C, Inconel X-T750, Tnconel T13-C
Aluminum Alloys: A356-T6, 2019-T81, 5456-0, 6061-T€, TOT9-T6

NOTICE
This tépost was piepared as an account of watk
sponsared by the United Statés Government. Neither
thé Usiited States nor-the United States Fnergy
Résearch and Developniént Administration, not any of-
theis . emiployees, nor any of their. contractars,
subcontfactors, or  their émployees, mdkes any

warranty, eapress ot implicd, or assumes any tegal .
liability or responsibility for the accuracy, completeness Y
ot usefulness of any infGrmation, appatatus, product ot
process disttosed, of represents. that its usé would-not

infringe privately owned rights,
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The test results are discussed..
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INTRODUCTION

The information presented in this.paper has been complled from tests per-
formed at Aerojet-General Corporation, both in. Sacramento and the Von Karman
Center at Azusa. It represents.the results of screening and acceptance tests .. é i
conducted in conjunction with the NERVA program.. The tensile properties obtained
from these screening tests were utilized. in establishing design allowables on ..
materials for different missile components. The following families of materials
were investigated:

Titanium (AL10-AT-ELI-5 Al 2.5 Sn), C120 AV ELI (6 Al-Lv)

Iron-base Alloys (321, 347C, AM350, A286, 18% Ni.(250)) Maraging Steel
Nickel-vase Alloys: Hastelloy C, Inconel X-T50 and T13C

Aluminum Alloys: A350-T76, 2219-T81, 5456-0, 6061-T6 and TOT9-T6

Several conditions of some of these.materials were evaluated. Ultimate and
yield tensile strength, elongation, area reduction, and notched tensile properties
were cbtained and are-presented. in tabular form. Data were obtained at room
temperature, -lOOoF,_-BZOOF and.-thoF»temperatures. The data was obtained
utilizing a modified NASA typre -flat specimén and the R3 type round specimen, AS
specified in Method 211.1 of Federal Test Method Standard 151A.
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EXPERIMENTAL EQUIPMENT

Eguigment

All_tensile tests were performed on 60,000-1b capacity Baldwin-type hydraulic-

operated tensile machines.
For the testsrat -100°F and--32Q°F, e special liquid cortainer wa.s. fabricated. .

+ed of two.stainless steel beakers of different sizes, which

forming & doutle-walled vessel, open

The cowntainer consis
wire rested and welded together at the top,
A keole was bored in.the botiom of "this chember.and the lower specimen-
_The chamber between the inner

at one eri,
gripring fixture was snserted and .welded.in place..
segled .off to prqyide.thermal.insulation.

top of the

and outer walls was then evacuated and.
The fluid level in the container was maintained three inches ebove.the
s were taken ty means cf an exteneometer mounted .on

specinen. Strain. neasurement
sion rods were ettached to & differential transformer ——§

the teénsile specimen. The exten
arove the cryogenic fluid, from whichk strain signals were transmitted to the stress-

strain chart on the tensile machine.

- O . . o ;
Tears at .-423 F were conducted in a errogenic test ecell, utilizing a 20,000-.

1y capacity crycstats Figure 1 shows the eryostat .in position for a tensile test;
i to & 125-liter supply dewar containiag liquid hydrogen. Liquid hydrogen 5

jacketed tube connected to the 1id.

conrect.e
ervars the cryostat through the flexible vacuunm-

LasevJse hydrogen exhausts through the other tube shown. Liquid-level was controlled

witt tae aid of an indicator, consisting of carbon resistors mounted in & rake

mperature baldwin
The modification

S1rein neasurements were teken by means of & standard room.te

extensometer (Model PS3M) modified for cryogénic use.
with Teflon-coated wires,

r ervaging
of replacing the rubber- jacketed leadin wires

eonsizred
rbon-steel parts with ones mage of 300-series stainless

ana replacisg all the-ca
c¢toel. Duiing one of the test series, strain-type measurements wére taker by
crosshead maver.ent using a deflectometér, since the standard extensométer was

.ndergoing the above described modification..
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Sgec imens

The materials were tested .using modified NASA type flat or the R3 type.
round specimens. = Figure 2 shows the.unnotched flat specimen. Figure 3 shows
the notched metal specimen, having a stress-concentration factor, ,Kt , of 6.3,
R3 type speciméns shown in_Figure L, which have an.0.25 in. diameter gage section,
were used because of the low.lcad capacity of the liquid-hydrogen dewar and to
allow fabrication of specimens from limited quantities of material.
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TEST PROCEDURES

All tensile tests were conducted in accordance with Method 211.1 of Federal .
Test Method Standard No. 15la, whiczh is essentially didentical with ASTM Specifi-
cation E8-61T. ..Load as a function of deformation was automatically recorded...
Strain-rate used for these tests was .0.05 inch-per-inch-per minute. In the majority .
of tests, an extensometer was used for strain measurements. . In one series of tests
at -h239F, during which the.extensometer was incperative, the speed of testing was _
controlled according to rates of stressing. The stross rates were .selected, on
the tasis of best available information, as those which would be approximately

equivalent to the above. strain rate.
The properties were determined with the specimens completely submerged in
the cryogenic fiuid. All specimens were soaked for at least 20 minutes before.

testing.

\n
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SELECTED MATERIALS AND TEST RESULTS

All materials selected for.these tests are potential candidate materials

for.application in different components in a radiation environment. .Most of them

are being utilized in other rocket engines and have very attractive strength-to-

weight ratio or were expected to have good ductility at low temperatures.

a. Titanium Alloys..

Two types of .titanium alloys were tested:

and C120-AV-ELI (6 Al 4v).
(1) All0-AT-ELI (5 Al 2.5 Sn)

Several conditions of this material were tested.

(a) Hot rolled and annealed plates (0.25 in.).

(v) Forged plate (0.5 in.):
(¢) Extruded cylinders.
(d) Forged and rolled rings.

(e) Die-forged closures

A110-AT-ELI (5 Al 2.5 Sn)

Material for items.(c), (d), and (e) were taken from parts used in

the fabrication of a titanium pressure vessel.

Chemical composition of all heats of the titanium materials were made

and .compared with the specification réquirements.

The results are shown in

Table 1. Averame tensile properties for each heat and test temperature are“shown

in Table 2.

Several interesting comparisons were made possible by the variety of !

metal working processés used in manufacturing the materials from which specimens

were taken.

(a) Plate Materials.

———

A comparison of hot-rolled with the forged plates at -h25°F }i
shows that strength and ductility of transverse type specimens are approximately

equal. The équivalence of ductility is based on a comparison of area.reductions "

ratlér than the elorigaticns.

IS R e Tl (i e




.plaxe.(txansverse,spgcimens) with

CompariSOn‘Qf_hot-rclled

umferential specimens),
elongation, end ares reduction are .

s_in specimen size and configu-

! extruded cylinders (eire ell manufactured from. the same 4

heat; shows that rocm temperature_tansile,
cal in spite of the difference

practically identi
ration.

(v) Forgings

Corpearison of circurferential-type specimens from.a ring
owed that the ring forgings exhibited less ductility ;

at all temperatures. ile, yield and notch-ultimate

s were higher than those of the closure forging. At.-lOOoF,'the ring 4
ultimate strengths and equel yield :

forging and a claosure forging sh
At room temperature, its tens

o YT TRV AR

B :

;; “ strength

g "; forging had slightly higher tensile and notch-
E’ i strengths. A% -320°F, the tensile and_notch-ultimate strengthS'were,equal, but
F the yield strengtn of the ring forging was higher. At -h25°F,.the ring forging
r had lower tensile strength and yield strength, and equalvnotch-ultimate strengths.
sover range at -320°F and helow.

g The interesting feature is the cros
ko -
o ' Test results .obtained from the closure forging compare very

F closely with the results obtained or extruded cylinder made from the same heat.

(¢) Extruded Cylinders

The tensile properties from all three extruded cylinders in

ferential direction were very similar.

the circum
+e strengths shown for room. temperature

The notch-ultima and

-100°F represént variations in Kt’ which would account for the different values.

aumferential type specimens. had

Both lorgitudinal and cir
howeévay, were generally

Yield strengths,
ahd the -hZBQF notch-tultirate strength <or.

_higher by 13,000 psi.

propérties vhich wers nearly equal.

higher for circumferential specimens;
longitudinal spec:imens at theé same Kt was

Typical stress-strain curves and stress vs tempe

& through 1k.

rature dia-

grams are shown in Filgurses
(2)  C-120 AV-ELL (€ Al 4V Alloy
as higher ultimate and yield tensile strength

nt difference in duetility over the entiré range

Thie elloy h s than

does AL10-AT-ELT. with no evide

_-.'i!-x
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of room to eryogenic temperatures. The.notch tonghtiess, however, measured by
notched/unnotched ratios (X, = 6.3), 1s not quite as.high as.for the All0 alloy.
The tensile properties.of 6Al-4V, ELI are nearly the same in the transverse and

§
!'
i
longitudinal directions.-over this tempersture range. %
i
The data obtained is presented in Table 3 and Figures 15 through ,;
18. g
i
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k. Stainless Steels and Iron-Base Allays
& tested are shown in Table L4, together

Chemicel composition. of alldy
Average tensile properties,of"“

with the specificatiOnmlimits on the material.

these alloys are shown in Teble 5.

(1) Steinless Steel Type 321

streagth of this _material from room %o
higher than the .increase in
the .

The increase .in tensile.
1:1quid hydrogen temperatures (approx. 65%) is much
the yield strength (approx. 16%). In spite of these strength increases,
ductility, i.e., elongation and area reduction, remained high at -h23°F. The
notched-ultimate strength at.ehaioFiwas much higher than the unnotched yield
strength (by & ratio of 2.56) and is indicetive of satisfactory notch toughness,
in spite of.a notched to unnotched ratio of only 0.49. The test results are in

agreement with the date reported by NBS.

(2) Stainless Steel Type 3,7-C (Casting)

The. increase in tensile strength (15%) of this alloy,,atr-kzjéF,

was much less than that obtained for type 321, but the increase in yield strength
The ductility of the cast specimens reduced drastically
es shown by a drop from 30.9% elongation at room
This indicates & strong tendency toward brittle.

e noted that the notch-ultimate strength at -L23°F
yield strength indicating that the

was much greater (80%).
with decresge in temperature,
témperature 10 L% at -MEEOF.
tehavior. It should; however,
wae still appreciably higher then the unnotched
still be ugeful at cryogenic tenperatures.

{5) AM350 (SCT)

This material, a martensitic
and yield strengths (295,000. psi) at -k23
19l becomes SO notch-sensitive that it

stainless steel, reaches very high.

Lltimate-(306.700 psi) OF, . However, the
duetility is greatly reduced and the mater
{s not congidered suiterle for czyogenicuapplications.

(L) Alloy A28E, Age Hardéned

This matérial is jdeally suited to cryogenic applications.. It

tion hardened to achieve high room

ic an austenitic type raterial, precipite
ré appreciably

temperat ure strength. At -AZBOF, thé ultimate anl yield strengthis &

-
e 2
-
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ircreased above room températures values, while ductility remains the scame as._at.
room temperature. Note the extreme notch toughnéss of the.materiale at.-h?}oF
ns indicated by the high ratio of notched Lo unndotcned strength.

(5) 18% - Nickel-Maraging Steel (250}

This material represents a series of alloys which have only_
recently come into general use. lLongitudinal and.transverse . notched and unnotched
flat. specimens, one-half size, were tested. Although the_elongation at -h25°E.is
low, ranging from 2.0 to. 4.0%, the yield and ultimate strengths are very high (in
the.range of.350,000 to 360,000 psi).. It should be noted that at -LZ3°K, the ratio
of notched ultimate to unnctched.yield strength is less than unity !approx. 0.95),
sC that caution should be used in eny low temperature application. Vacuum-melted
material, tested transverse to. the rolling direction, exhibited significantly
higher ultimate and yield ctrengths than air-melted material, although these
properties in the longitudinal direction were essentially equal.

1C
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C.. Nickel-Base Alloys

Nickel-base alloys, although normally used for high temperature.appli- - 3
cations, are, as a class, also well suited for eryogenic use. They rave good j
potch toughness and retain. their room temperature ductility, while.increasing in
voth tensile and yield strengths. All three of the alloys reported here follow

|
\
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this pattern. j

Trhe shemical. composition of these alloys, tcgether with the.specifi- \

cation requirements, are shown in Table 6. Average tensile properties are shown '

’ in Tabdle T. A

| (1) Hastelloy C .

: This elloy, at least in the ennealed condition, is sultedble for »
cryogenic applications. The yield strength of this.alloy increases more xapildly '

o with decreasing temperature than.does the ultimate strength.. In spite of this~ :
b fact, the material retains a comparatively high ductility (28.8% elongation and E
35,7% area reduction) at -L23°F, 5;

With a stress concentration factor of Kt = 6,3, an actual increase

in the notched-unnotched ratio (6.90 vs 0.84) was obtained at liquid hydrogen

remperature. -

(2) Inconel X-750

This is a precipitation-hardened alloy with high tensile prop-
erties at room temperature (171,400 psi tensile, 109,600 psi yield and 26.5%
elongatian), The percentages of increase in tensile and yield strengths and
decrease in ductility from room to liquid hydrogen temperaturés are less than
those for Pastelloy C. The ratio of notched ultimate to unnotched yie.. ..rength

remaine atove Junity.

(3; 1Inconel 713-C

A very small increasé in tensilc and yicld strength < this
alloy is observed at liquid hydrogen témperature.compared.to the corresponding
room temperature properties. Note. that this alldy appears to be notch-tough,
even though the duetility at -423°F is quite low .(1.3% elongetion). This was

11




also noted in the case of cast 347-C stainless steel, and 1s evidently e character-
istic cf cast face-centered cubic metals. At -h23°F, Inconel.713-C shows.a higher
yield strength and notched tensile strength than cast 347 and has about. the same

ultimate strength and ductility. Inconel 713-C is also noticeably stronger-at 1

room temperature than cast 347, but much more brittle, as shown by lower elongation i ]

end area reduction. , “i ]
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d. Aluninum Alloys

mical composition aof these alloys_compared with the correspond -

The che

ing,specifications requirements are shown -in Table.8.

Average tensile properties type and condition of meterial are shown

in Teble 9.

(1) Alloy A356-T6

ensile properties reported fall within the region
An increase of
from the

The ~423°F t
of values which can be extrapolated from data. published by NBS.
more then 20% on the tensile. strength and 26% on the yield strength
respective rooum temperature date. was obtained for liquid hydrogen temperature.

The notched-unnotched. ratio of ultimate strength is approximately 0.76, indicating
that +he material is approaching brittle behavior. Cauticn should be exercised

when utilizing this meterial for cryogenic ap
curve is presernted in Figure 19.

plications.

A typical stress-strain

(2) Alloy 2219-181

Tne tensile properties, at both room. temperature and‘-h25°F,

coincide with informaetion published by other investigators.
developed. for elevated temperature applications, has a combination of high strength
end ductility at -h25°F, vhich makes it a useful candidate for cryogenic appli-

The iata show.en increase in ductility, =as compared with room temperature

cations.
_423°F ‘is 0.7k, although the notched ultimate

date. The notched-unnotched ratioc at
strength is still above the unnotched yield strength.

(3) Alloy 5456-0

This alloy i
ties are in good zgreement with deta from othe
The notch ultimate strength obtained from
th, indicating satis-

s non heat-treatable and was tested in the annealed
condition. Tensile proper r investi-
gators shcwing good reéproducibility.
higher than the unnotched yleld streng
Note the slight (10%) increase in yleld strength and

-h25° as compared to room temperature

these tests is much
factory notch toughness.
substantial increase (47%) in elongation at

Consequently, this glloy is considered useful for eryogenic applications.

date.
13
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(%) Alloy 6061-T6

The unnotched tensile and yield strength of both plate and forged Lo 1
Do !

materials are in close. agreement with each other at both room and cryogenic tempera-

tures and closely correspond to the.data repcrted by NBS (Reference 1). The yield o

and tensile strengths increase approximately 15% and 50%, respectively, when going éA% ]

: from room temperature to -423°F. . The reduction in area (33.7%) and elongation 5

: (11.5%) of the sheet material were.appreciably lower.than those of forged material

3 (50.7% and 19%. respectively) at room temperature.. The notch tensile strength at. i

:’ -h25°F wes appreciably higher for the forged material. These effects may have . j
i
1

B - Mt ot A S S
PR

resulted, in part, from differences in the specimen size and configuration.

Standard size flat specimen were used for the~;/k-inchwplate and R}.(subsize)“type~
specimens for the forgings. A: in the case or the previous aluminum alloys, high i
ductility and notch toughness make this alloy suitable for use wider cryogenic

SVITRRETATIRN JT T T AR ey e e

conditions. A . :
Stress-strain curves and stress vs temperature diagrams are shown.

in Figures 19 through 21.
(5) Alloy T079-T6 o

i
1
|
!
Although this alloy has séen rather limited use because of weld- !
; ing difficulties and brittle behavior at cryogénic temperatures, its high strength 1
(T4,300.psi at room temperature ) wvarranted cn .evaluation.. In addition to the base i
material, specimens. as-welded, welded and heat treated, and aged atter welding
were tested. . The tersile properties for base metal (97,750 psi at -h25°F) vere i
lower. than.those reported by lLewis. Research Center-for 1/8 in. sheet (115,000 psi, ‘
Reference 4), and by General Dynamics for 0.030 in. sheet (112,000 .psi )-and ; i
slightly higher than for 5.0 in. billet material (94,400 psi, Reference 5). These i
comparisons indicate that the.sample geometry had a definite effect on th? results ! i
The data for the as-welded sheet_material (labeled rejectable quality_veld) are.
{neluded for information only. Plate material, which was. fully heat-treated after Pn
welding, had, as expected, much higher strength and elongation at ell.temperatures ;
than as-welded material, and between 80 ard 92% of the values for parent metal. I'
Welded and heat-treated specimens from forged material exhibited higher stréngth
at all temperatures than did welded plate materials. [’ ‘

1k {
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i
3 The base metal did not appear notch sensitive.at temperatures ]
to -§OO°F, but the welded specimens jndicated notch. sensitivity below. -10001-".

‘ The very low duetility of this alleoy and the indications of.notch sensitivity ;
arc significant disadventages for cryogenic applications. 1
i

i s St
'
p—

TR LT

i
'
!
|
!

15

—
N :.—-’1?-

- e it
IS VPP UGN, ¥ S L
———— Al



Mol e A len L i i Pl T M T i s SRS w I 2SS Ao il fartl op 8 LSRR e R ok

k

: SUMMARY

Mechanical properties, in particular ultimate tensile and yleld strength,
notched strength, notch to unnotched ratio, elongation and arzae reducticn for:
four different families of structural materials were cbtained and reported.

_ In general, most of the materials evaluated are suitable for cryogenic.

i application depending cn size and geometry of the part to be utilized in this._.

é' environment. In selection of material for a particular application, not only the.

& strenzth characteristic of the material but, to a great deal, the ductility notch

é sensitivity, shear.strength, weld.or Jjoint properties, thermal expansion and many

% other characteristics are required to fully evaluate .the suitability of a particular

material. Caution should be exercised with materials having low ductility. It
is recommended that materials having elongation less than 5% be carefully evaluated

before utilizing in cryogenic environment.

10
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Table 1

R A L A

-
E Chemical Analysis of Titanium Alloys
:
é
f Aoy Neat ¥o.
. Prsigeaticn oS - W I v oouen B B
;.‘ ”.ﬁ“lﬂ“‘ Win . - b0 20 - - - - - - - -
5 AeL10-ARELT | 1* mx 5.60 3.0 015 o® - - o002 032 00
- x (3012.5 M) | goppre D321
: Aoalysis Plate 5.19 £35 0.13 0.02 0.008 = 0.0055 0.0312 O.00%
; Sample D-3272
; Analysis Yorging 5.05 2.00 0.8 0.002. - - 0.0008 0.06% O.02%
. Sasple D=3270
; Aoalysis Extruded
f Cylindera. 5.12 2.57 0.0b 0.0 0.03 0.0050 0.065 0.010
Semple D-3346
3 Analysis_ Forged
mﬂ“ S.Q 'a" °sm °-“ - O.m 00“ 00”
Sasple V.2096
Aoalysis . Yorged
) Plate ,-’o ﬂ.’o 0.10 °-m - o.m °om O-m
' ”““‘“ a ’lw L - - - { - - -«
! “‘ hx 6.” - 0.10 Q.G - 0.015 Os” °|”
i. C'm &',
nl [T D-35087
(6Ar=AY) Amalyeis Forged
Plaws 6.10 0.07 0.0% b0 0.0033 0.09 0.@7




Table 2

R e T R

i

Average. Tensile Properties of

Titanius Alloys S5Al-2.5 Sa ELI

oo

Rsimte Tield
. fgecimm  Strength Moteh Ultimte Ragtion Mowties 010 URSUML R  guner
ALL0-AT, BLI
Lm-3.5 o)
/A" Plate, WA = () 322 182,600(K = -18.0) 128,400 15.55% %0.0 147 1.8 10,00
" -A23 Bl imoeoie B0 domoae anie 17.8 . . ma
1/2" Plase, ] (¢) 124,300  169,400(K, e q; 115,600  17.000 ».2 1.% 1.M7 3@
forged -so 192,900 231,200(Ke= 7 142,50 16 0% a7 1.20 .27 e
(et ¥-2096) k23 24,50 226,000(K» 5.8)  203,%0 9.8 16.0 1.08 FI1Y 30
1/2° mate = Q) 326,500  181,200(K e 121,000 19300 1.3 1.3 1.% 3
forget <320 18500 200,000k 3 12,000  1b.3% 3.2 1.23 1.29 3
(Meat ¥-2096) k23 22,50 235,000(Kee 5.7) , 000 1.$ .0 2.0 1.8 w3
forged AMupter = (e) 122,900 167, 900(Ky» 79 115,000 18,0 2.6 1.37 1.4 A0
Riag B, 220 ~100 143,100  16,800(Kes 8-9 19,70 1.0 a2 1.52 1.0 e
(Beat D-3272) =320 182,700  234,200(K« 8-9 163,500 .0 al.g 1.8 1.8 3
-A23 197,800  234,800(Ke 7-20) 178, 10.0 a. 119 1.3 5
Forged Qosure L] (e) 118,50  157,600(K= 9 107,800  15.0 39.3 1.3 1.8 1]
Bo. 217 (Beat D3M6) | <100 W05 1By 300(Ke 92 i oS o .3 1.3 1180 [+
=320 182,700 233, TO0(Ke 8 153,50  19.% n.2 1.2 1.52 w, s
23 216,000 235,M00(K= 7-10) 18h,40  19.8 «.6 1.10 1.
Bxtruded ] () 117,300 159,900 (Rem 6-7) . 208,100  16.% 7.8 1.3 1.8 s@
Cylinder To. W5 200 1%,600 187,100(K.= 67 125,000 30 33.1 1.37 1,50 5@
(Beat D336) -320 1,800  233,600(K.e 6.8 366,700  11.6 3.6 1.8 1.5 50
-A23 207,200 2%,200(K e 6-8 190,600  13.3 19.2 1.8 124 (1
Bxtruted " (e) 126,100 235, M0(Kee 7-19) 214,200  13.0 2.7 1.90 2.06 5@
Cyltater Bo. 218 100 182,200 195, 500{Kem 14 131,000 3.0 37.% 1.57 1.8 ie
(Bt D 273) -gg 185,000 240,200k 1,800 2.0 3. 1.3 1.80 s
. 203, ,900(Kem T-10) 152,200  13.6 9. 1.6 i L]
xtruted -] (e) 122, 164,000(K = .I:,) 111,000 MO to.g 1.3% 1.8 @
) | e Byam dséoice 19) ipw  ino e R o BT
% . - a Te . o . .
K] = Qoo i ot &- N Rk us 2. ey %) e
Sxtruted L] Q). 119,900  163,100(Kea 89 107,%0  15.0 3.6 1.8 1.9 5@
T | i Emeal BE & £ B i
- o fe » . . .
X UKD By IWKe 0.10) 1860 196 X 1.90 W 50

heed @ nmuumﬁmmmﬂéwmm.
“naptia ta 8° (4) tresaveree, (1) Lengivedianl,

(¢) siromtorential.
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Table 4 .

Chemical Analysis of Stainless Steel and Iron Base Alloys

Material LI T
Imemus . e o WS S R B A kA Al b S omam
o peeifioatian. Mma, -+ 21.00 - - 0 . - - 6as¢ - W 8.00
m hetel Mz, 0.00 19.00 0.50 200 1.00 0.0 00h . o -+ O 0.% M. .00

e - 0.3 M0 20
:;m 0.0A3 17.80 .00 0.5 0.003 0.083 + « 007 0.57 0.57 ml. 3 .
R1ee Specitimism Ma., + A0 .+ e e e S e .o W 9.00
Sant aeviag | Ldsst . ma 0.0 20.00 0.90 £2.00 1.5 0.00 0.00 1.3 . - e 0.9 W 12.00
'™
:;;m 0.00 19.50 0.20 1.09 1.00 0.0M 0.010 1.85 OR1 « O3 0.3 Mi. 935 13 60 0
3% fpecifimtion MWa. 000 36.00 250 090 « o - m. o 800
Mt ms. 0.2 17.00 323 113 0.30 0.0). 0.00 . o.gz 5.0
tam - o
ottern 0.8 6.7 L1 0.7 03¢ 0.0 o.8 m M e 6w
e Mpesifimiiem ma, 3.» 1.00 .00 0.0 o . . 1.9 Wl 0.00 B 2.0
tdatt ma 0.2 3500 1.0 2,00 1.00 0.09 006 03 2.3 Al 00y N®
fyeeiam
fealyets 0.062 1507 3.9 1A Q.77 0.00% 0.0 0.8 2.09 m. 56 - 3 1
mn peritiatie .. 00 <« &6 < o o . . 0.3 . 2.0m° 1.
l(uuunm tiats (emtin) ma. 0.0) s 010 910 0.4 o& 01 0.5 00 19.00
[ 1Y) yeeiam
Amalpete

Soers artimmt: 0.00) ma. B; 0.00 ma. &) 0.0 ma. O
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Table 5_

Yield

Propertiea of Stainless Steel and Ircn Base Alloys

ntimte
. ftregta Botch Uitimte Dogatim Miwti ishtito pasetd RIS pumer
_ ANRY Sr _p m_&__ 0. o4 ia @ io. § in Ares, $ g-tat/us-tat getit/Un-Y. ", of Tetts
e 22 ;o 0,850 84,30(Re6.3) 34,330 .3 65.4 - 1,00 2.8 w, B
.23 6,70 206,30 stnox® %03 5,7 0.4 2.87 20

e dM-e . |m 60 mReS3) 90 309 5., 0.63 319 w, 5
Gt A2y 13,500 102,30 &, 00* 8 5.3 0.% e 2@
A050-5C2 B’ 200,050 21,30(Re6.3) 16,100 9.3 2.5 1.0 15, =

(833°) 23 36,700 80,99 095,00" 13 0.9 0.2 o.a 2@
A-206 . m 155,650 132,90(Ke6.3) 1%,150 19.8. 9.9 0.9 )

A2y :6,600 WR,50 o mS n.e .93 .

— -

Tofugiag “v-img" | <M} 356,000 38R,300(Re6.3) 7.5 S oy 0.9 m, 3
Freel “Vorrenev® 963,000 . 388,000 350,50 2.0% . o 0.9 x
(0.95" sbest)

"A-omg” Ay 396,000 323,500(Ke6.3) M, 000 o™ - 9.9 . 0.9 w, 58

“A-tronsv® 345,000 323,000 339,000 K 0.2 .93 w, 3

3/8-15. Dia. Woltiag| <MD 335,00 - - . - . e

pemed Solting 980,000 - - . o - - . ’e.

¥t @ sirain setimted from erosshend traml of Wessile mchiac. .

“Gagstie 1a 1"
"A" Alr malted.
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| Table 6
g Chemical Analysis of the Nickel Base Alloys
] Material h @8
Motelley C | Spreitioation MMa. WI. - 3050 MO0 - . e 1500 & XX
: b 0.08 u.’sg 7.00 0.03 . 2.00. .00 17.00. 2.00 0.00 s.;g'v
4 X
3 L. - Wl . 0,05 15.73._3.86 0,012 0.63 0.53. 15.70 1.8 .,
patiern i o.c08 o.r 5 Mo 1m0
t Iacomal %+ |fpecifisation Ma. T0.00 - 18,00 5.00 - - - . - . 2.23 0.0 0.70M
i ™ imtt Wz, -« 0.0 A7, 9.00.00 0.50 0.50 3.0 . 100 « 273100 LXMW
! fpesiam 7.0 0.00 ib90 660 0.007 0.58.0.05 0.9 « -1.00 « 245 061 C.82em 8 1
! Amalyets a1
. vy fpeeifimtim Ma. M. O.00 .00 - - e e = 300 . 0.003 9
: Ty s 0.90. 5.50 1.00 Mol
' . 0.20 2M00 2.5 O.Q13 0.50 0.50 0.2% 3.0 1.0 %:.&
1.0 6.90 2.60 Bl
0.19 or
tydciam 2.5 Bl
Amlyeie Bl %1) 2206 0.05 0.007.0.16 0.3 0. A% 0.7 O.T3 6.m g.::r -
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Table 7

Properties of Nickel Base Alloys
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T, M. s 1) W .nmm_m. - hﬂm Eos/-1.0. sL et
= 18,900 - 99.100(! $9,250 %.) 1.68. -
-A23  ATR,150 135,550 uo,000" - 8.8 PO <Y 20
Domel X-TH0 |R2 AN, 0. -J‘}:)W(\-“” 199.6@ 6.9 1.9 _.2@.
M85 T, I0 189,500 156,000° - .8 N %, 18
-3 100,000 236,000 99,05 2.0 117 o, A
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Table 8
Chemical Analysis of Aluminum Alloys

Aljoy Desigpaticn S 8L T g & o 2
A 356-7% Specification Ma. - 6.50 e 020 - - - -
Limit wmx. 0.20 1.50 0,20 0.40.0.10 - 0.0 0.20 0.15
Sample Analystis o. 7.3% 0.15 0.30 Wil - Nl 0.1k - -
219-18) Specification . Wn. 5.80 . - « 020 - - 002 .
Liatt - ox. 6. 0.20 0.30 0.02. 0.0 - . 0.10 0.10 .0.15
Sasple Analysis 5.8 0.8 0.20 1 0.25 - - - 0.09V Y 17
54560 Specification .Mn., - . 4,70 0.50 0.05 - - -
Iimit . Max. 0.10 0.50 (Si+Fe) 5.50. 1.00 0.20.0.25 0.20. 0.15
Sample Acalysis 0.08 0.06 0.20 5.29 0.70 0.;% 0.0 .08 - ™ 16
6061-16 Specification Min. 0.15 0.40 - 080 - 015 - - -
Limit . mx. 0.k0 0.80 0.70 .1.20 0.1%  0.35. 0.25 0.15 0.15
Sheet |Sample Analysis 0.24 0.5k 0.50 0.90 0.03 0.20 0.03 0.088 30 7
Torgiag [Sample Analysis 0.54 0.61 0.28 0.85 0.05 0.26 0.12 0.06 0.02K%
7079-76 Specification Min.  C.k0 - - 2,90 0.10 0.10 3.80 - -
Limit . Max. 0.80 0.30. 0.40 3.70 0.30 0.25 4.80 0.10 0.15
Sasple Amalysis Not Awilable
.hn.c shown refers to 0.05 max. £or each other elemsnt
end & total of G.15% max.
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Table 9
Average Tensile Properties of Aluminum Alloys
: Ultimate Yield
‘l‘rp. Strength, MNotch Ultimate Strength Zlongation Meduction Mapher
Alloy F pei Strengen, pel ‘o.ggi, pat in 2388 AnAres, [y of feess
{ A-356-T6 Cast M 30,60 B, x,,.e.;; 23,800° 5.2 2.8 “ o
. B.125" Specimen) | =423 8,100 36, 350(Kee6.3 , 2.0 1.8 2
%%_xg_:ggg rT 64,100 61,000{Ke=6.3) 49,800 8.5 20.% 0.95 1,22 W, &
: ™ apecimen) |-ved 94,600  70.) Kp=6.3 70,000* 1.0 25.6 0.7 1.0 z
v -256-0 50,900 48,100(Kge6.3) . 26,5%0 16.8 26.3 0.9% 1.8 A, N
ce f"o.‘xa‘s“ Specinen 423 85,100 Lk, 500 30, 500* 26.8 25.% 0.52 1.46 2
%cg_}_;g. Plate " ,950 4h,000{Ke06.3) . 41,900 1.5 33.7 0.98 1.0% U, W
i B.125" Specimen) | -h23 71,950 63,000 52,500* 23.8 33.7 0.86 1.16 2
. forged ring T s, 800 63,000({K¢#8.0) 40,600 19.7 50.7 1,40 1.5 P
! (R-3 Specimen) 100 50,125 67,200 «3,800 19.0 50.3 1.52 1.5% [
<320 63,400 78,700 46, 400 24,0 3T.1 120 1.70 .-
<423 66,400 81,200 52,900 23 35.3 1.22 1.5% N
.76 forged ring | AT T4, 300 .- 65,000 6.3 20.5 - .. 2
weided & re-heat 2300 T, 850 .- 66,100 &5 1.5 .- .. &
created(0.375" dls. | -3Q 18,370 . 73,400 il . - .. .
spec. ) .
1/4" tase metal .00 80,600  B82,600(Kye6 ) 69,300 945 .- .02 1.19 1.
plate -300 99,100 82,400 T7,200. 6.0 . 0.9.. 1.07 2
2y 9T.750  T,195 - 5.0 - 0.8 - W, @x
1/u" piate velded |FT 68,060 67,990(Kg=6 ) 59,775 3.9 .. 0.99 1,13 8y, SN
& re-heat treated | -100 14,500 67,940 63,850 4.0 .. 0.9k 1.05 u, ™
300 76,000 64,740 69,150 2.2 - 0.8s 0.9% W, ™
-b23 78,460 59,3500 . 2.7 . 0.76 e W, 98
fejectable quality -
wveldpente
| ~0.1575" eheet, = |RT 9,000 4B,000{Kse6 ) 38,700 1.9 .. 0.98 1.2 1.
' a8 velded 2100 41,300 43,700 41,300 2.0 .. 1.06 1.06 1
i, 300 49,100 ok, 700 48,200 3.0 . 0.91 0.9% . Py
e -2 52,400 6,500 e 2.0 . 0.70 . w, 28
0.1875" sheet, n 48, 400 53,000({Ke=6 ). 45,800 1.0 - 1.09 1.1, 1.
velded haged | =200 62,000 67,800 51,200 5.0 . 0.62 0.76 1.
. -300. 67,30 _ 1,5% 5k, TOO 3.0 .o 0.62 .76 b
. k@) - » 55,625 .. e .- e - 3
! ?
s fased on strain estimmted from head-travel of tensile machion.
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Figure 1

Liquid Hydrogen Cryostat
and Supply Dewar
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Unnotched Specimens,
Sheet Material
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Closeup of Liquid Hydrogen
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